The H ؉ -translocating pyrophosphatase (H ؉ -PPase) is a proton pump that is found in a wide variety of organisms. It consists of a single polypeptide chain that is thought to possess between 14 and 17 transmembrane domains. To determine the topological arrangement of its conserved motifs and transmembrane domains, we carried out a cysteine-scanning analysis by determining the membrane topology of cysteine substitution mutants of Streptomyces coelicolor H ؉ -PPase expressed in Escherichia coli using chemical reagents. First, we prepared a synthetic DNA that encoded the enzyme and constructed a functional cysteine-less mutant by substituting the four cysteine residues. We then introduced cysteine residues individually into 42 sites in its hydrophilic regions and N-and C-terminal segments. Thirtysix of the mutant enzymes retained both pyrophosphatase and H ؉ -translocating activities. Analysis of 29 of these mutant forms using membrane-permeable and -impermeable sulfhydryl reagents revealed that S. coelicolor H ؉ -PPase contains 17 transmembrane domains and that several conserved segments, such as the substrate-binding domains, are exposed to the cytoplasm. Four essential serine residues that were located on the cytoplasmic side were also identified. A marked characteristic of the S. coelicolor enzyme is a long additional sequence that includes a transmembrane domain at the C terminus. We propose that the basic structure of H ؉ -PPases has 16 transmembrane domains with several large cytoplasmic loops containing functional motifs.
H ϩ -translocating inorganic pyrophosphatases (H ϩ -PPases) 1 consist of a single polypeptide. They are distinct from P-, F-, and V-type ATPases and are considered to be a fourth type of H ϩ pump (1, 2) . Their amino acid sequence identity with other H ϩ pumps and soluble PPases is low, although a few motifs that are involved in the binding and hydrolysis of pyrophosphate are similar to those of the soluble PPases and the P-type ATPases (1, 3) . H ϩ -PPases are found in plants, parasitic and free-living protozoa, and some eubacteria and archaebacteria (2, 4 -7) . In eukaryotes, they acidify intracellular organelles such as the vacuoles of plants (8, 9) and the acidocalcisomes of parasitic protozoa (10) together with the vacuolar H ϩ -ATPase. In prokaryotes, they generate a proton gradient across the plasma membrane (1) . The kinetics of the PP i -dependent H ϩ current in wild-type and mutant H ϩ -PPases have been determined by a combination of heterologous expression and patch clamp analysis (11) . Recently, it has been shown that heterologous expression of an H ϩ -PPase in yeast complements the yeast cytosolic PPase (12) and that transgenic Arabidopsis plants overexpressing the vacuolar H ϩ -PPase are resistant to drought and salt stresses (13) . These observations indicate that H ϩ -PPase plays an important role as an energy source for secondary active transport systems and as a scavenger of cytoplasmic PP i produced as a by-product of a variety of metabolic processes.
In addition to its physiological significance, H ϩ -PPase is an excellent model for research on the coupling between PP i hydrolysis and active H ϩ transport, because the enzyme consists of a single protein of ϳ80 kDa with 14 -16 transmembrane domains (2, 3) and has a simple substrate. The enzyme has a stringent requirement for free Mg 2ϩ , both for enzymatic function and to stabilize its structure (14, 15) , and Ͼ30 mM K ϩ is required for maximal activity (9) . Recent biochemical and molecular phylogenetic studies have revealed the presence of a novel type of H ϩ -PPase that does not require K ϩ for activity; the K ϩ -dependent and K ϩ -independent H ϩ -PPases are designated as type I and II, respectively (2, 16) .
Recently, information has accumulated concerning the functional domains and amino acid residues of both types of H ϩ -PPase. Three highly conserved hydrophilic segments have been shown to be involved in the binding and hydrolysis of the substrate (3, 8, 17) . In addition, a few acidic residues such as Glu 305 , Glu 427 , and Asp 504 , have been reported to be essential for PP i hydrolysis and energy coupling (18) . Two triple glycine motifs in the Rhodospirillum rubrum H ϩ -PPase are thought to form flexible hinge regions supporting a conformational change mechanism (19) . Furthermore, it has been proposed that the presence of a lysine versus an alanine residue in the conserved GNXX(K/A) motif of a cytoplasmic segment is a useful criterion for distinguishing type I and type II H ϩ -PPases (16). Despite the simple structure of H ϩ -PPases, little information is available as to how the enzyme couples the hydrolysis of PP i with the active transport of protons across the membrane. To approach this question, we focused on the tertiary structure of the enzyme and determined the membrane topology of the H ϩ -PPase of S. coelicolor by a combination of cysteine-scanning mutagenesis and the use of sulfhydryl reagents. Cysteine-scanning analysis has been successfully applied to several membrane proteins, including the Na ϩ /H ϩ exchanger (20) 
S. coelicolor H
ϩ -PPase (ScPP) was identified by genome sequencing (25) . The use of an S. coelicolor enzyme has several advantages. S. coelicolor is phylogenetically distant from other organisms that are known to contain H ϩ -PPases such as R. rubrum (1, 26) , Carboxydothermus hydrogenoformans (16) , Trypanosoma cruzi (4) , and many plants (3, 9) . It is an extremely useful bacterium because it is responsible for producing most of the natural antibiotics that are used in human and veterinary medicine. In addition, bacterial enzymes can be efficiently expressed in Escherichia coli, which is an essential requirement for mutational analysis.
EXPERIMENTAL PROCEDURES
Construction of an Artificially Synthesized ScPP DNA and an Expression Plasmid-The S. coelicolor H ϩ -PPase gene (scpp), which was obtained by sequencing the laboratory strain, differed by eight bases from the reported sequence as follows: T/C845; C/G921; G/A1149; T/C1593; G/A1803; G/A1833; G/A188; and T/C2049 (the nucleotide left of the slant bar is from the reported sequence, the nucleotide right of the slant bar is from this study; numbering is from the first ATG of the open reading frame). The amino acid sequence is consistent with the DNA data base (20) (DDBJ/GenBank TM /EBI accession number AL645882) with the exception of Phe 282 (Ser in the data base). We designed an artificial ScPP DNA (sScPP) with a GeneSynthesizer program (MacPerl script) and synthesized it without changing the amino acid sequence. We selected synonymous codons at random for each residue to produce a GC content similar to the codon usage of E. coli throughout the full sequence, avoiding rare codons such as ATA, CTA, CCC, CGG, CGA, AGA, and AGG. Sites for the restriction enzymes NdeI, SacII, MunI, PstI, and XhoI were introduced into the DNA for gene manipulation. As a first step, 32 oligonucleotides (numbers 1-32) of ϳ100 bases were chemically synthesized in accordance with the designed sequence (Fig.  1) . PCR was then carried out, and the gene was synthesized as described in Fig. 1 . The PstI site of plasmid pET23 (Novagen) was modified (pYN309) and used as a plasmid vector. sScPP was inserted into the NdeI and XhoI sites of pYN309 to obtain an expression plasmid for ScPP (pYN315). An expression plasmid for ScPP-His was constructed in a similar way (pYN316).
Mutagenesis of ScPP-Mutant derivatives were generated from sScPP with a QuikChange site-directed mutagenesis kit (Stratagene) according to the method of Kirsh and Joly (27) . The identity of the mutated nucleotides was confirmed by DNA sequencing. Cysteine-less mutants of ScPP and ScPP-His were generated by replacing the four endogenous cysteine residues (Cys 178 , Cys 179 , Cys 253 , and Cys 621 ) with serine, serine, alanine, and valine, respectively. Single cysteine mutants were then generated from the His 6 -tagged cysteine-less ScPP. The E. coli plasmid pLysS (Novagen) was modified by replacing Lys 128 with isoleucine, and the E. coli strain BLR(DE3) carrying this plasmid (pLysS K128I) was used to express the individual cysteine mutants.
Protein Expression and Isolation of Crude Membranes-Each ScPP construct was introduced into E. coli strain BLR(DE3)pLysS (Novagen) or its derivative harboring pLysS K128I by transformation and selection for antibiotic resistance on Luria-Bertani plates containing 50 g/ml ampicillin and 34 g/ml chloramphenicol. Cells derived from a single transformant colony were grown in Luria-Bertani medium supplemented with antibiotics for 16 h at 37°C and then diluted 50-fold in the same medium. After 4 h at 37°C (OD 660 ϭ 0.7), isopropyl-1-thio-␤-D-galactopyranoside was added to a final concentration of 0.4 mM. The cells were incubated for a further 2 h, harvested by centrifugation at 3,500 ϫ g for 10 min, suspended in a one-twentieth volume of 50 mM Mes/Tris, pH 7.2, 0.15 M sucrose, 1 mM MgCl 2 , 75 mM KCl, 1 mM EGTA/Tris, 1 mM dithiothreitol, and 1 mM phenylmethanesulfonyl fluoride and disrupted by sonication. Following centrifugation at 1,500 ϫ g for 5 min, the supernatant was centrifuged at 100,000 ϫ g for 30 min, and the pellet was suspended in 10 mM Mes/Tris, pH 7.2, 0.15 M sucrose, 1 mM MgCl 2 , 75 mM KCl, and 1 mM dithiothreitol and used for the enzyme assay.
Protein and Enzyme Assays-Protein content was determined using the Bradford method with a Bio-Rad assay kit (28) . PP i hydrolysis was measured at 30°C as described previously (29), with the exception that the reaction mixture contained 10 mM Mes/Tris, pH 7.2, 0.15 M sucrose, 1 mM MgCl 2 , 75 mM KCl, 1 mM dithiothreitol, and 0.35 mM K 4 PPi. PP i -dependent H ϩ -transport activity was measured at 25°C as described previously (29) but in a reaction medium containing 10 mM Mes/Tris, pH 7.2, 0.15 M sucrose, 1 mM MgCl 2 , 75 mM KCl, 1 mM dithiothreitol, and 2 M acridine orange. The enzyme reaction was initiated by adding 0.35 mM K 4 PP i .
Immunoblotting-Proteins were separated by SDS-PAGE on 10% gels and transferred to a polyvinylidene difluoride membrane (Millipore Corp.) using a semidry blotting apparatus. Immunoblotting was carried out using polyclonal antibodies against the peptide DVGADLVGKVEC (16) together with horseradish peroxidase-linked protein A and ECL Western blotting detection reagents (Amersham Biosciences).
Cysteine-labeling Assay-Cysteine-scanning analysis of ScPP with sulfhydryl reagents was conducted using the method described previously (22, 30, 31 ) with a few modifications. Mutant ScPPs were expressed by adding isopropyl-1-thio-␤-D-galactopyranoside, and the cells were washed with 150 mM KCl and 50 mM Tris/HCl, pH 7.5. AMS (Molecular Probes) was added to the cell suspension (100 l) to a final concentration of 0.2 mM. After incubating for 10 min at 30°C, 2 l of 25 mM BM (Molecular Probes) was added, and the reaction was stopped after 10 min by adding 1 ml of the same buffer containing 5 mM N-ethylmaleimide. The cells were washed with this buffer, suspended in 200 l of 50 mM Tris/HCl, pH 7.5, 20% glycerol, 300 mM KCl, 1 mM MgCl 2 , 5 mM N-ethylmaleimide, and 1 mM phenylmethanesulfonyl fluoride and sonicated. After centrifuging at 1,500 ϫ g for 5 min to remove cell debris, the supernatant was centrifuged at 100,000 ϫ g for 5 min, and the membrane fraction obtained was suspended in 0.1 ml of 50 mM Tris/HCl, pH 7.5, 20% glycerol, 300 mM KCl, 1 mM MgCl 2 , 1% Triton X-100, 10 mM imidazole, and 5 mM N-ethylmaleimide. After centrifugation at 100,000 ϫ g for 15 min, the supernatant was mixed with 50 l of nickel-nitrilotriacetic acid-agarose (Qiagen) and incubated at 4°C for 1 h with gentle shaking. The agarose resin was collected by flash centrifugation and washed with 1 ml of 50 mM Tris/HCl, pH 7.5, 20% glycerol, 300 mM KCl, 1 mM MgCl 2 , 1% Triton X-100, and 50 mM imidazole. The washed resin was treated with 10 l of 25 mM Tris/HCl, pH 6.8, 5% SDS, 5% mercaptoethanol, 15% glycerol, and 20 mM EDTA, at 70°C for 10 min prior to SDS-PAGE. The separated proteins were transferred to a polyvinylidene difluoride membrane, and biotinylated Membrane Topology of S. coelicolor H ϩ -PPaseproteins were detected by the ECL method using a streptavidin-biotinylated horseradish peroxidase complex (Amersham Biosciences). After the analysis, the labels on the membrane were removed by incubation in 100 mM mercaptoethanol, 62.5 mM Tris/HCl, pH 8, at 50°C for 30 min, and the membrane was probed with polyclonal antibody to H ϩ -PPase.
RESULTS

Construction of a Synthetic Gene for S. coelicolor H ϩ -PPase and Its Expression in E. coli-The native H
ϩ -PPase gene of S. coelicolor (scpp) has repeat sequences in the open reading frame (794 amino acids), and its GC content is extremely high (69.5%). Because these properties are not suitable for gene manipulation by PCR, we designed and constructed a synthetic ScPP gene (sScPP) as described under "Experimental Procedures" without changing the amino acid sequence (Fig. 1) . Fig. 2 shows an alignment of the sequences of three H ϩ -Ppases, i.e. ScPP, Vigna radiata type I H ϩ -Ppase, and Arabidopsis thaliana type II H ϩ -PPase. A long tail at the C terminus is a distinctive feature of ScPP, and the hydropathy analysis predicted 17 TMs (Fig. 2) . Cys 178 and Cys 179 were positioned in the fourth TM, and Cys 253 and Cys 621 were in the hydrophilic loops. As described under "Experimental Procedures," the cysteine residues were replaced with serine, and wild-type and mutant ScPPs expressed in E. coli were detected by immunoblotting with the antibody to the conserved sequence DVGADL-GKVE. The bands of ScPP and ScPP-His were 69 and 72 kDa, respectively (Fig. 3A) . When all of the cysteine residues were replaced with serine, both PP i hydrolysis and H ϩ -transport activities were completely lost (Fig. 3, B and C) . To determine which cysteine residues were essential for enzymatic activity, we replaced each of the four residues individually with serine; mutants C178S and C179S retained activity, whereas mutants C253S and C621S lost it.
Cys 253 and Cys 621 were therefore replaced by alanine or valine, as most homologues of ScPP have alanine or valine at As shown in Fig. 3 , B and C, two of the mutant ScPPs (C178S/C179S/C253A/ C621A and C178S/C179S/C253A/C621V) had relatively high activity; the latter in particular had 70% of wild-type activity and retained activity when a His 6 tag was added to the C terminus. Fig. 3D shows the PP i -dependent H ϩ -translocating activity of the cysteine-less ScPP-His. The pH gradient generated was collapsed by the addition of the membrane-permeable ammonium ion, confirming the occurrence of electrogenic H ϩ transport in the membrane vesicles. We therefore concluded that this cysteine-less ScPP-His mutant retains its structure and activity in E. coli. This mutant (C178S/C179S/C253A/ C621V) was used for the cysteine-scanning analysis.
It should be noted that we expressed cysteine-less ScPP-His, in an E. coli strain containing plasmid pLysS K128I in which the Lys 128 of the T7 lysozyme gene had been substituted by isoleucine. T7 lysozyme is a bi-functional enzyme that inhibits T7 RNA polymerase and cuts the amide bond between alanine residues and N-acetylmuramic acid in the peptidoglycan layer of the cell wall (32) . The enzyme could leak out of the cell and cause cell lysis via its amidase activity during experiments with a sulfhydryl reagent and damage the integrity of the E. coli plasma membrane, which is essential for membrane topology analysis by cysteine labeling. By contrast, the mutated T7 lysozyme (K128I) retains its inhibitory activity against T7 RNA polymerase but has lost its amidase activity and has no detrimental effect on cysteine-less ScPP-His expression (Fig. 3) . We therefore used E. coli containing the plasmid pLysS K128I in subsequent experiments. Enzymatic Activity of Single Cysteine Mutants-We generated 39 single cysteine mutants from cysteine-less ScPP-His to determine the membrane topology of the hydrophilic regions. The residues depicted in Fig. 2 cover all of the hydrophilic loops and the C-and N-terminal tails. The wild-type ScPP-His and all of the single cysteine mutants, except S609C, were uniformly expressed in E. coli as shown by immunoblotting (Fig.  4A) . Thirty-five of the 39 mutants had relatively high PP i hydrolysis and H ϩ -transporting activities (Fig. 4 , B and C) and were used in subsequent experiments. The other four mutant enzymes (S263C, S402C, S609C, and S694C) had lost all activity, indicating that the four substituted serine residues are involved in the catalytic function or the correct folding of ScPP. It is reasonable that the activity of the A253C mutant should be the highest of the single cysteine mutants, because cysteine is the original residue at this position in the wild-type enzyme.
Accessibility of the Cysteine Residues in the Mutants to BM-In the cysteine-scanning test, cells are treated with AMS followed by BM. After the enzyme is purified from E. coli membrane, biotinylated residues are detected with streptavidin as described under "Experimental Procedures." AMS is a membrane-impermeable sulfhydryl reagent that reacts with cysteine residues on the external face of the cells. BM is membrane-permeable and binds covalently to the sulfhydryl group of cysteines in hydrophilic regions but not in transmembrane domains or hydrophobic spaces. ScPP-His and its derivatives were detected in all cases by immunoblotting, but the extent of biotinylation with BM varied (Fig. 5) . The level was extremely low or undetectable in nine mutants (S101C, V183C, A253C, S282C, R308C, L438C, S545C, S740C, and S768C), which were removed from the cysteine-scanning analysis. Nevertheless, this result indicates that the nine residues are located in transmembrane domains or hydrophobic spaces because, as reported previously (33) , cysteine residues in transmembrane domains are not labeled by BM. The remaining 26 mutants, the cysteine residues of which are exposed to the aqueous phase, were used for the labeling experiments with AMS and BM.
Determination of the Membrane Topology of ScPP-To determine the topology of the cysteine residues introduced into the hydrophilic loops and the N-and C-terminal tails, we first labeled cysteines that were exposed to the periplasm of E. coli with the membrane-impermeable AMS, and then the unreacted cysteine residues were labeled with the membrane-permeable BM. As a control, the cells were treated with BM without AMS pretreatment, and all 26 cysteine residues were labeled with BM (Fig. 6) . AMS markedly reduced the biotinylation of cysteines in 10 mutants (S7C, T15C, Q96C, D187C, T352C, S360C, S443C, T552C, L652C, and S746C), indicating that these residues are exposed to the periplasm. The other 16 residues were not affected by the AMS treatment, indicating that the residues in those mutants (S52C, I56C, T137C, S151C,  F213C, I231C, T241C, S313C, A317C, T391C, S485C, T497C,  I605C, T700C, T705C , and S787C) are present in the cytosol. 
Membrane Topology of S. coelicolor H ϩ -PPase
Because the topology of the hydrophilic region between TM6 and TM7 was not clarified by this experiment, we subjected four residues in this region (Gly 280 , Asp 281 , Ser 282 , and Gly 283 ) to cysteine-scanning analysis (Fig. 7) . The levels of expression and enzymatic activity of the G280C and G283C mutants were extremely low. Substitutions at these sites probably generate aberrant structures that might be proteolytically degraded. Mutant S282C was active but not biotinylated, even in the absence of AMS. Only the D281C residue proved to be suitable for the cysteine-scanning assay and was found to be exposed to Membrane Topology of S. coelicolor H ϩ -PPasethe periplasm; it was not biotinylated after the treatment with AMS, thus giving rise to a different pattern than did T241C (Fig. 7) .
DISCUSSION
Our topology model of ScPP is shown in Fig. 8 . The present study has confirmed the 17-transmembrane domain structure predicted by the hydropathy analysis of the primary structure of ScPP. Any model with Ͼ18 transmembrane domains can be excluded, as the distances between the cysteine residues in our scanning analysis are sufficient to traverse the membrane once but not twice. In our model, the N-terminal tail is exposed to the periplasm, as Ser 7 and Thr 15 in the tail were labeled with AMS. The C-terminal tail, including Ser 787 , is exposed to the cytoplasm. A long C-terminal tail is one of the distinguishing features of ScPP. The C terminus is 47 residues longer than the H ϩ -PPases of A. thaliana (AtVHP1, type I) and V. radiata (2, 3) and forms TM17 and the C-terminal tail. Hence, we propose that H ϩ -PPases that lack the extra sequence at the C terminus have 16 transmembrane domains and that the C terminus is exposed to the vacuolar lumen. The biochemical function of the extra C-terminal sequence in ScPP is not clear. Our observations are in general agreement with the model derived from immunochemical analysis and computer programs such as TopPred II (2, 3, 17, 19) . In particular, the conserved regions that include loops e, k, and o are the same. However, there are differences with respect to the topology of the N-and C-terminal regions. Thus, the N-and C-terminal segments of the A. thaliana type I H ϩ -PPase (AtVHP1) are thought to be exposed to the vacuolar lumen and the cytoplasm, respectively (2). As explained above, the different C-terminal topology of ScPP is due to a difference in the topology of the C-terminal hydrophobic segment. It has been estimated that AtVHP1 has 15 transmembrane domains and that its C-terminal hydrophobic segment is cytoplasmic (2) . A similar model has been proposed for the R. rubrum enzyme (19) . In these enzymes, the C-terminal conserved segment with GGXWD-NAKKXXE and GDTXGDPXKDT motifs is linked to TM16. Therefore, the earlier predictions are confirmed by the present study.
The H ϩ -PPases contain the following highly conserved sequences: RVGGGIFTK; DVGADLVGKVE; IADNVGDNVGD; GPVSDNAQGIAE; EVRRQF; GGSWDNAKKLVE; and GDTVGDPFKD (shared residues are underlined) (2, 3, 9) . At least three of these motifs (DVGADLVGKVE, IADNVGD-NVGD, and GDTVGDPFKD) have been shown to form the catalytic region of H ϩ -PPase (3). We have revealed in the present study that five of the seven conserved sequences are located in the cytoplasmic loops e, k, m, and o. The other two motifs (RVGGGIFTK and GGSWDNAKKLVE) are partly embedded in TM5 and TM15 from the cytoplasmic side. The topology of the cytoplasmic loops, with the exception of that for the loop i, were confirmed individually by testing the two residues in each loop.
We propose that the diagram shown in Fig. 8 is a reliable topological model that is applicable to all H ϩ -PPases with the proviso that H ϩ -PPases other than ScPP lack the C-terminal extension that includes TM17. In this model, there are five short periplasmic loops (b, d, f, n, and p) and three slightly longer ones (h, j, and l). However, these loops do not contain consensus sequences, and their biochemical significance remains to be established.
The cysteine-scanning mutagenesis also provided information about the functional residues of ScPP. Of the 42 mutant enzymes, S263C, S402C, S609C, and S694C (Figs. 4 and 7 TM11 and loop k. Thus, our model can account for the topology of these functional residues by a common structure. Finally, we propose that the catalytic region comprising motifs for Mg-PPi binding, PPi hydrolysis, and energy conversion in active H ϩ transport is formed of at least five cytoplasmic loops, i.e. three of the conserved domains (loops e, k, and o) and two loops containing essential serine residues (i and m). Although the loops that face the periplasm or the vacuolar lumen (mean length, 12 residues) are one-third of the length of the cytoplasmic loops (mean length, 35 residues), their length varies in different H ϩ -PPases. Therefore, these periplasmic (or vacuolar luminal) loops might not contain residues involved in the catalytic function of H ϩ -PPase. To confirm our model, we will need to perform a high resolution crystallographic study.
